tests. Postoperative radiographs and computed tomography scans showed that the screws were well inserted in each plane for each pedicle. This technique also can be used to perform osteosynthesis at the thoracic and cervical levels.
Spinal surgery frequently is performed using a posterior approach. In these conditions, spinal surgery instrumentation consists of 3 basic implantable elements: the rod, the hook, and the screw. The pedicle is the strongest part of the vertebral bone into which a screw can be driven. Transpedicle instrumentation has been used more often in the lumbar andor the thoracic spines of adults for rigid segmental fixation after decompression and arthrodesis for various disorders, including scoliosis, spondylolisthesis, and iatrogenic or degenerative instability. 17 Unfortunately, the pedicle is not the widest part of the vertebra. The diameter of a lumbar or thoracic pedicle may vary from 3 to 10 mm.19 During a posterior approach of the spine, the back part of the vertebra is exposed and the surgeon uses his or her anatomic knowledge to align the drill in the proper direction. Pilot holes are prepared and screws are inserted into the pedicle without any direct visual control.17 A slight error in direction may result in a significant error in the position of the tip of the screw. Drilling is performed at least twice but sometimes 3 or 4 times during surgery, with no direct visibility Number 337 April, 1997
Computer Assisted Spine Surgery 87 of the crucial structures (spinal cord, lung, vessels, and nerves). To check the correct placement of the screw in the pedicle, image intensification is used, but, because of radiation exposure to the patient and the difficulty of use of this system, it cannot be applied during the entire screw insertion procedure. The variability in width, height, and spatial orientation of spinal pedicles, especially in the surgical procedure of scoliosis, consequently leads to a considerable rate of misplaced screws.6 Biomechanical studies suggest an optimal position of the screw tip to be as near to the anterior cortex of the vertebral body as possible.~.~4~*6 The correct pedicle screw insertion has to consider 2 parameters: the spatial orientation of the screw and its length. Focusing on the latter point, the control of the depth of screw penetration on lateral radiographs may lead to misjudgment (Fig 1) .
The complications associated with misplaced pedicle screws in the lumbosacral spine are mostly neurologic, although Mirkovic et a112 have shown that screws that penetrate the anterior cortex of the vertebral body can cause vascular damage (aorta, vena cava) and visceral injury.3.' 1.I2,2O325 Previous studies of surgical procedures have shown a significant rate of incorrect placement of the screws ranging from 10% to 40%: Roy-Camille et al,l6J7 14%; Weinstein et al?3 21%; Sim,2" 10%; Jerosch et a1,4 40%; Saillant,l8 23%. In a recent paper, Vaccaro et a122 inserted 90 screws into the vertebral pedicles in the thoracic spine. The screws were inserted by 5 experienced spine surgeons without the use of radiographs or imaging studies. Of the 90 screws, 37 were found to have penetrated the cortex of the pedicle. Twenty-one screws had penetrated the medial cortex and entered the spinal canal, and 16 had penetrated the lateral cortex.
To look for the proper spatial orientation on the one hand and the correct length of a pedicle screw on the other hand, and more generally to look for a crucial anatomic structure without any direct visual control, the authors developed a novel technique that combines preoperative tomographic imaging with principles of stereotaxis. The technique is important because it increases safety by providing a more precise intervention. This technique follows a general tendency of computer assisted medical interventions.?.7.9.*1
The basic components of the system are: (1) a user interface to plan the surgery and the trajectory of the pedicle screw using preoperative computed tomography (CT) of the chosen vertebra. A 3-dimensional represen- (2) in t h e intraoperative step, a 3-dimensional pointer, equipped with diodes, collects point coordinates on the visible back part of the vertebra. This is done with the help of a 3-dimensional optical localizer; (3) a registration algorithm t o match intraoperative data with the model of the vertebra segmented in the preoperative CT images (used in the intraoperative step); and (4) a guiding system t o perform the planned trajectory using diodes mounted on a standard surgical drill with the help of the 3-dimensional optical localizer. This paper presents a passive system using only a 3-dimensional optical localizer during surgery for registration and guidance. After a description of the system and the method, results of studies with anatomic specimens and with 10 patients are described.
MATERIALS AND METHODS

Materials
The system proposed necessitates a computer. a 3-dimensional localizer, and the instrumentation. The computer is a Unix Workstation Digital (Digital Equipment. Evry, France), but any other computer of this standard category can be used. The same workstation is used for the planning and for the guidance of the surgery (it could also be 2 distinct workstations connected by a network). The 3-dimensional localizer that is used intraoperatively is an optical system Optotrak"' (Northern Digital, Toronto, Canada) that gives the position and orientation of 3 distinct customized T shaped white rigid bodies (TIMC Laboratory, Institut Albert Bonniot, Grenoble, France, and Palmers, Grenoble, France), (Fig 2A) . The accuracy of the localizer is better than 0.3 mm inside a volume of I m3. Each rigid body supports 6 infrared diodes that are detected easily by the cameras. Therefore, it is necessary to connect them to the workstation by wires. The T shaped rigid bodies constitute the specific intraoperative instrumentation of the system (Fig 2B) . One rigid body is mounted on a pinch or a fork enabling it to be fixed rigidly to the operated on vertebra. Another rigid body of the system is equipped with a sharp tip to collect 3-dimensional coordinates of points.
It constitutes a 3-dimensional pointer. A final rigid body is used to localize the position and orientation of the surgical drill, (Landanger-Landos, Chaumont. France). It can be fixed to any standard electric or pneumatic drill by a simple mechanical adapter. After calibration, the system can give the position of the tip of the drill and the orientation of its axis in real time.
Preoperative Preparation
Before the operation. CT images are acquired and the surgeon chooses the optimal 3-dimensional position of the screws for each vertebra. Then data are prepared for the operation. This requires 3 distinct steps. Only the last step involves the surgeon; the other steps can be performed by radiologists and technicians.
Coinputecl Toiiiogrqdiy E.xainiiicition c i n d Inicrge Tr~rmfer:
First, a CT scan of the patient must be performed with the best resolution possible. The use of a spiral CT scan with a slice thickness of 2 mni and an interslice distance of 2 mm is recommended for each spine level to be operated on. In the authors' case, images are obtained with a spiral CT GEHispeed Advantage (GE Medical Systems. Buc, France), (in the future. slices separated by 4 mm could be sufficient). Once the CT acquisition has been performed, digital images are stored with the standard Dicom format and they are transferred immediately to the surgeon workstation by an Ethernet network. Tapes also can be used if the network connection does not exist.
Segmentation qfVertebrci1 Surfaces.
To prepare the operation, some technical steps are required on the workstation. Particularly, for the registration step between the preoperative CT images and the intraoperative space that will be explained later, one needs to detect the posterior surface of each vertebra on the CT slices. For safety reasons, this step is done manually by an experienced technician who, using a mouse, draws the contours of the vertebra on each image (which requires approximately 20 minutes per vertebra). It is also possible to use a semiautomatic segmentation procedure that uses thresholding: the operator needs to select a low and a high density corresponding to the vertebral CT densities and the computer provides the segmented surfaces in a few minutes. The authors that are attached to a pointer, to a pin that will be fixed to the vertebra, and to a standard drill.
also developed methods and algorithms to obtain separated models of the individual vertebrae using deformable models. However, the use of such semiautomatic software has not been validated because the authors concentrated on the other parts of the method.
Surgical Planning.
One of the most important tasks for the surgeon is to define the position of the screws on the CT images in 3 dimensions. To facilitate this planning step, a user interface enables the surgeon to manipulate the CT images on the workstation. Because the images have a very small slice distance, it is possible to reconstruct oblique slices with a good visual quality. The surgeon moves cursors with the mouse on the screen to build and display new oblique slices in the 3-dimensional space of the CT volume. Starting from an original axial slice, 2 curputer until it passes through the axis of the pedicle of a vertebra. Then, the surgeon defines an entry point on the posterior part of the vertebra and also a direction corresponding to the screw orientation inside the pedicle. The size and length of the screw also are selected during this step (different standard lengths and widths can be simulated and tested). In the next step, the computer builds a pseudosagittal view passing by the screw axis and a pseudofrontal view orthogonal to the screw axis. This enables the authors to check that the screw position is correct, particularly in the sagittal plane. Figure 3 shows the user interface. This planning step is repeated for each pedicle screw to be inserted, but it is usually fast and easy.
Intraoperative Assistance
To be able to reproduce the surgical planning accurately, 4 steps are necessary to be repeated for each vertebra in which 2 screws must be inserted.
Fixation of a Reference Frame.
First, it is necessary to attach a rigid body to the vertebra, to follow and compensate any motions because of respiration or displacements. For that purpose, a 2-mm screw is inserted in the spinous process and a small fork is clipped on the screw to prevent rotations around the screw. The reference rigid body is fixed on this fork. Many other fixations also can be envisaged for vertebrae that no longer have their spinous process. This rigid body will constitute the reference frame in the following steps.
Digitization of Surface Points.
The second step is to use the pointer to collect a series of 10 to 50 points taken randomly on the posterior part of the vertebra. When the surgeon places the tip in contact with the bony surface and activates a pedal switch, the 3-dimensional localizer measures the xyz coordinates of the indicated point. Repeating this operation for approximately 40 points necessitates approximately 1 or 2 minutes and the result is a collection of 3-dimensional surface points that is necessary for the following registration step (Fig 4) . Note that the coordinates of those points are acquired in the reference frame previously attached to the vertebra so that any motion of the vertebra during this digitization is perfectly compensated by the computer.
Registrution of the Preoperative Computed Tomography Data With the Intraoperutive Space.
The crucial step of the method is to establish a link between the C T data and the intraoperative space, to make it possible to reproduce the surgical planning accurately. This is obtained by a so called registration procedure. In stereotactic neurosurgery, this step can be performed by using a stereotactic frame that is fixed to the patient's skull during the CT acquisition and during the surgery. The stereotactic frame constitutes a reference for CT and intraoperative spaces. A target that is pointed out on CT images easily can be reached by adjusting verniers and guiding systems attached to the frame. This approach is obviously not practical for spine surgery (even if one could imagine some miniaturized frames attached to the individual vertebra preoperatively ). Therefore, the basic idea of registration for orthopaedics is to identify anatomic structures that are visible on the CT images and that can be detected with the 3-dimensional optical pointer or any other intraoperative 3-dimensional sensor.x.1" After this identification step, different methods and algo- The result is a set of 3-dimensional surface points lying on the vertebral surface. Motions of the vertebra are compensated because of a reference system fixed to the spinous process.
Number 337 ADril. 1997 Computer Assisted Spine Surgery 91 rithms can be found in the technical literature 2.7-10.13J4to estimate the relationship between the 2 spaces. This means that at the end of the registration step, the optimal position of the screw that has been defined in the CT images will be reported in the reference frame attached to the vertebra. A first possibility to perform such a registration is to identify specific anatomic points interactively." It is usually difficult to identify 4 or 6 points with millimetric accuracy on CT images that are 2-mm or 4-mm slices, and similarly it is not easy to point out the exact location of the same landmarks with the optical pointer. For this reason, the method that the authors have developed registers surfaces instead of points.' The workstation automatically computes the relationship between CT images and the intraoperative frame by matching the surface data points that have been acquired randomly on the posterior surface intraoperatively with the surface of the vertebra that had been segmented on the CT images preoperatively. Intuitively, one can imagine that a spring is attached from each data point to the surface segmented on the CT images, and that the registration step finds the equilibrium of all the springs together. To be complete, one needs to imagine that the springs can slide freely on the surface. Starting from an initial position of the data points, which corresponds to a rough estimate of the registration, the springs evolve naturally toward the final pose (Fig 5) . This intuitive model of the registration step is actually very close to the algorithm that has been implemented to solve this problem. The advantage of this surface based registration technique is that it is easy for the surgeon and is more accurate than a point based registration.
Visual Assistance.
Because of the previous registration step, the optimal screw position is known in the reference frame attached to the vertebra. It is now necessary to guide the drilling operation to place the screw where it has been planned to be placed. Although it has been shown in vitro that robotics can be used,l0 the authors' current choice for clinical validation has been to develop a passive system that relies on visual feedback. The surgeon holds a standard drill equipped with a rigid body and looks at the screen workstation that is placed in front of him or her. Indications on the screen represent the difference between the optimal position and the current position of the drill (Fig 6) . The user interface is actually simple and resembles the screens that can be found in video targeting. The surgeon is asked to align 2 cross hairs inside a central square (Fig 7A) . When both cross hairs are in the square, the drill is aligned with the optimal position with an error smaller than 1 mm. This operation is in fact decomposed in 3 phases. First, the drill tip is displaced on the posterior surface of the vertebra until the corresponding first cross hair is located exactly at the square center ( Fig 7B) . The drill tip is now on the optimal trajectory. This alignment is easy to perform because the system is installed in such a way that moving the drill from left to right also moves the cross hair from left to right on the screen, and similarly for the vertical direction. Second, the drill is pivoted around the tip point which remains unchanged until the corresponding second cross hair is placed within the square (Fig 7C) . The drill axis now is aligned with the optimal axis and the surgeon can start to drill, trying to keep the same direction during the drill progression. The distance between the optimal position and the current drilling position always is monitored and displayed in real time.
The surgeon can check permanently that the cross hairs stay within the central square. More importantly, the depth of penetration of the drill also is monitored, which corresponds to the third and last phase. A color bar placed in the middle of the screen indicates how many millimeters there are between the drill tip and the final limit point that had been defined on the CT images. If the drill tip goes farther than the 0 position, the color har changes its color and warns the surgeon. Thus, the method enables the surgeon to align the drill with the optimal screw placement in position, in orientation, and in depth. Once the pilot hole has been pierced with the drill, the screw is inserted easily with no significant deviation from the optimal position. This operation is repeated for each pedicle. 
RESULTS
In Vitro Studies
This method first was validated with in vitro experiments. An isolated vertebra is pierced with 2, 3-mm diameter holes in the right and left pedicles. A 3-dimensional CT scan of this vertebra is acquired and the positions of the axes of the holes are defined interactively using the user interface presented above. The authors then acquire surface points and register the CT and intraoperative coordinate systems. Finally, a drill is inserted inside the hole made in the pedicles. The system then computes the distances between the planned trajectory and the actual position of the drill axis. For all experiments, inframillimetric distances were obtained.
In a second series of experiments, the surgeon drilled the pedicles of anatomic specimens using the complete system. Then, lateral and frontal radiographs were acquired to check that the drilled axis was in the middle of the pedicle. The result was satisfactory.y
Clinical Studies
Clinical studies were begun in May 1994. Until now, the system has been used with 10 patients. Computer assisted pedicle drilling had been performed on lumbar vertebra : L2, 1 case; L3, 3 cases; L4, 4 cases; L5, 2 cases (10 vertebrae and 20 pedicles).
During these first studies on patients, the system was not used completely in 6 cases for safety and ethical reasons. The surgeon drilled the pedicle of a vertebra as usual (L2, 1 case; L3, 2 cases; L4, 2 cases; L5, 1 case) and the trajectory chosen by the surgeon was compared with the trajectory indicated by the system. A drill equipped with a rigid body was inserted in the hole made by the surgeon to measure the errors by looking at the offset positions of the 2 cross hairs described above. For all patients, a difference of a few millimeters was found between the trajectory made manually and the trajectory indicated by the surgeon. This corresponded to the error made by the surgeon when the operation was performed without computer assistance. Such a comparison verified whether the system was working well in clinical conditions and also provided the surgeon with experience of the technique.
In 4 cases, the system was used completely (L3, 1 case; L4, 2 cases; L5, 1 case); (4 vertebrae and 8 pedicles). With a motor drill equipped with diodes, the trajectories of the pedicles were indicated by the system. The drilling was made with the help of computer landmarks. The right axis of each pedicle screw was checked in the postoperative period with the help of a control CT scan and a lateral anteroposterior (AP) radiograph. In each pedicle the authors established that each screw was well inserted (axis and length). 
DISCUSSION
Inserting transpedicle screws has 3 categories of potential complications: neurologic, vascular, and mechanical. Neurologic and mechanical complications are mainly caused by orientation errors; for instance, pedicle screw perforation of the lateral cortical bone often leads to rigidity failure of the osteosynthesis, and it is obvious that perforation of the medial cortical bone often leads to neurologic disorders. Those observations are all the more true because the anatomy of the pedicle axis follows the deformation and the rotation of vertebrae that characterize scoliosis. As stated in the introduction, an inaccurate judgment of the penetration length of the screw easily can be obtained if only lateral radiographs are used, which leads to possible vascular damages, particularly in the lumbar region. The purpose of the method presented in this pa- possible to define a linear trajectory on CT images and to drill a hole exactly where it has been planned. Extensions of the method to cutting planes for osteotomies instead of drilling axes also can be envisaged easily. Finally, the only drawback of the method is the radiation dose delivered to the patient during CT acquisition. This dose has to be compared with the benefits for the patient. Every patient receives a higher dose than with standard methods, but complication tient because of the increased accuracy. From the point Of view Of the surgeon* the screw insertion is rehearsed preoperatively pain. The authors corrected this SCOliOSiS by risks are reduced considerably for any paper is to reduce those complications, which proves to be feasible according to the first clinical results that were obtained in the lumbar and thoracic regions. There is currently no limitation of the method to the low back, and therefore, osteosynthesis could be performed in higher levels, including cervical vertebrae, with a high level of confidence.
The method proposed by the authors also has many related applications in orthopaedics in which it is necessary to reach Provided that a CT scan O f the patient with numerous thin slices can be acquired, it is visually are perfect.
